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While there is significant literature precedent in which the 
distribution of varying chain lengths and derivatives of 
perfluorinated alkyl substanCES (PFAS) in tissuES, both 
animal 1

•
2 and human, is dis:;ussed, this is a diffcult 

~t to make bocause of the diffrulty of PFAS analysis 
in biological matriCES. PFAS can be difficult to rn:a5Ure 
analytically in biological system; l::locat..re analysis traditionally 
involves isolating the tiSSUES, digEStion of the tissue, and 
extraction of the compounds. It sut6equently involves the t..re 
of highly sensitive tEChniqUES such as high-performance liquid 
chromatograph~ coupled to tandem l1lfSS spectrorl'"Btr/- 8 or 
combustion-IC as the PFAS family of compounds has no 
convenient UV-visible signaturES. To make thESe rn:a5Ure
rl'"Bnts in living biological systerrs, one common technique is 
the t..re of radioisotopic labeling, but there has boon very little 
published using radiolabeled PFAS to cm:ss biodistribution. To 
date, the only studiES include 35&1abeled perfluorosulfonic a:;id 
(PFOS) 10 and 14C-Iabeled perfluorooctanoic a:;id (PFOA) 11 

but no 18F-Iabeled derivatives. In this paper, we prESent the first 
radiolabeling of PFAS with fluorine 18 (t112 = 110 min), which 
allows for tracking of the biodistribution of thESe compounds in 
rool tirl'"B using positron emission tomography (PET), and 
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precise quantification of the crnount of radiolabeled compound 
inside organs and tissuES of interESt. The a:m with which any 
PFAS compound could be radiolabeled with 18F- is chemically 
distinct from the significant organic synthESis tEChniqUES 
required to correctly label PFAS with either~ or 14C. This 
tEChnique allows for radiolabeling and sut6equent purification 
in <1 h. 

The work prESented here focUSES on the developrl'"Bnt of the 
18F-Iabeled derivatives of perfluorooctanoic ocid (PFOA), 
perfluorohexanoic a:;id (PFHxA), and perfluorobutanoic a:;id 
(PFBA). While any reprESentative PFAS could have boon 
studied, the proof-of-concept study pre:ented here started with 
throo carboxylic ocids of varying chain lengths. Via induction of 
a 19F ---+ 18F exchange, the native compound (i.e., without 
structural modifications) can be studied, and the pharrna::oki
netic propertiES of the radiolabeled compounds are identical to 
there of the native PFAS of interESt. Initial studiES to determine 
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Figure 1. Exanple of iTLC resul1s for (A) [18F]PFHxA (R1 = 1) and (B) free 18F- (Rt = 0). The origin is rrarked with a blue line. Instant TLC strip:; 
~~'.ere dev'eloJ:ed in 0.1% NH40H in methanol. 
---- ~~---~~-~-~-~~-~~-----

the in vitro stability of the ra::liolabeled oompounds and in vi\tO 
biological distribution in healthy mioo \t\lere also performed. 
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Radiosynthesis and Isolation of [18F]PFOA, [18F]
PFHxA, and [18F]PFBA The ra::lia;ynthEsis and isolation of 
[
18F]PFOA, [18F]PFHxA, and [18F]PFBA are c:le:crib:d in 

detail in In summary, 180-enriched 
water wcs bombarded with a 20 MeV proton boom from the 
University of Alabama medical cyclotron fc£ility at 40 ~A For 
the amount of starting octivity needed, the target wcs 
bombarded for ~10 min. The 18F- produood wcs oorocted 
from the water target by sol id-pha:e ooroction and purified for 
ra::liosynthEsis. The purity of the [18F]PFAS wcs determined by 
the amount of frre 18F- in solution as determined by 
ra::liometric instant thin layer chromatography. RadiosynthEsis 
and purification of a:dl PFAS took approximately 1 h. 

Stability Studies. The stabilitiES of the ra::liolabeled PFAS 
\t\lefe tESted under a variety of oonditions: (1) in 0.1% NH40H 
in methanol at room temperature, (2) in saline at room 
temperature, (3) in motreserum at 37 oc, (4) in human serum 
at 37 oc, and (5) in rat serum at 37 °C. For a:dl oondition, the 
amount of intoct, ra::liolabeled PFAS wcs determined at 30 min, 
1 h, 2 h, and 4 h with thrre replicatES. With the exreption of the 
0.1% NH40H in methanol solution (as this wcs what the 
[
18F]PFAS \t\lere isolated in), 25 ~L of the dESired [18F]PFAS 

wcs added to 225 ~L of the oorre;ponding solution (saline or 
sera) in a 1.5 ml Eppendorf microoontrifuge tube and 
incubated at the temperaturES mentioned above. The amount 
of octivity added to tubES wcs dependent on final isolation 
yields. For thEre studiES, 7.4 MBq (200 ~Ci) of [18F]PFOA, 
7.03 MBq (190 ~Ci) of [18F]PHxA, and 3.3 MBq (00 ~Ci) of 
[

18F]PFBA were USEd. 
In both the NH40H and saline studiES, a 1 ~L aliquot of the 

solution wcs removed at m:;h time point and spotted for instant 
thin layer chromatography (iTLC) analysis (0.1% NH40H in 
the methanol mobile pha:e). The serum stability studiES \t\lere 
performed for a:dl oondition twire, using two difurent 
methods of analysis. In the first method of analysis, a 1 ~L 
aliquot of the solution wcs removed for iTLC analysis at a:dl 
time point In the socond method of analysis, a 50 ~L aliquot 
wcs taken from m:;h tube and the serum proteins \t\lere 
precipitated with the addition of 150 ~L of aootonitrile. The 
aliquots were vortexed and the proteins pelleted via 

212 

---~~~------~~--

rentrifugation. The supernatant, oontaining the non-protein
bound oompound, wcs oollocted, and the pellet wcs further 
wcshed with an additional150 ~L ofaootonitrile. Thewcsh wcs 
oombined with the original supernatant The oombined 
supernatants (total oollocted \tOiume of ~300 ~L), and the 
protein pellets \t\lere a:dl oounted using an automated Wizard2 

2480 gamma oounter (PerkinEimer). The data \t\lefe analyzed 
and are prESented as the perrentcga (of total) bound to serum 
proteins. Afterward, the supernatant wcs also analyzed via iTLC 
in the same manner as previously outlined. 

Biodistribution Studies in Normal Mice. All animal 
studiES were oonducted in oompliance with the guidelinES for 
the care and use of rESEErch animals EStablished by the 
University of Alabama's Institutional Animal care and Use 
Committre. After ra::liolabeling, a:dl rESpECtive [18F]PFAS wcs 
diluted into saline to a final oonrentration of ---D.074 MBq (2 
~Ci)/~L Hoolthy, male CD1 mioo (n = 4 per oompound) \t\lere 
then intravenously injocted with an average of 7.22 MBq (195 
~Ci), approximately 100 ~L, of the dESired [18F]PFAS. Animals 
\t\lefe anESthetized with 0.1% isofluorane and euthanized 4 h 
postinjoction; organs and tissuES of interESt \t\lere harvESted and 
weighed, and the radioactivity was measured using an 
automated gamma oounter. Data \t\lere docay-oorrected and 
calculated as the perrent injocted dose per gram of tissue (% 
ID/g). 
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Radiosynthesis and Isolation of [18F]PFOA, [18F]
PFHxA, and [18F]PFBA All thrre PFAS tESted were 
suro:ssfully ra::liolabeled with 18F- and isolated. Initial attempts 
to synthEsize [18F]PFOA \t\lere performed in anhydrous 
aootonitrile, but the radiochemical yields \t\lere not oonsistent 
The [18F]PFOA r-a:£tion mixture had to be dig;olved in ;:::500 
~L of aootonitrile to occount for solvent loss (due to 
evaporation) during the ra::liolabeling proo:ss. The larger 
r-a:£tion volume also rESUlted in docra:red overall yields that 
varied widely. The problem with ra::liolabeling [18F]PFOA wcs 
solved by performing the rm:;tion in 300 ~L of dimethyl 
sulfoxide at 125 oc, and thus, this method wcs USEd for the two 
remaining PFAS. Additionally, rESUlts from data (not shown) 
indicated that at 10\t\ler temperaturES (~100 oc) the exchange 
rm:;tion did not proooed with PFBA or PFHxA. 

Previously published work has shown that fluoride (non
ra::lioactive) can be separated and purified from PFAS on WAA 
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Figure 2. (A) iTLC results for the C8F]PFHxA/rat s:m.m mixture 1 h after the end of synthesis. The Rr of [18F]PFHxA equals 1, and the Rr of 
[ 

18F] PFHxA with ~urn equals 0. (B) iTLC results of the a::etonitrile supernatant of the s::vre [18F] PFHxA/~m mixture after the precipitation of 
the ~m proteins. The origin is marked with a blue line. 

cartridge; by washing the retained fluoride off with 25 mM 
NH40Ac (pH 4.5), while still retaining PFAS. This 
nonradioactive method for purification should transfer Effiily 
to the radioactive samplES. However, before our attempts to 
purify the products, the retention of frre 18F- on the WAA 
cartridge; wcs ~- Fluorine 18 wcs diluted in water and 
loaded directly onto a frEShly prepared WAA cartridge. On 
avei'C{Ie, 31 ± 8% (n = 3) of the loaded a:;tivity wcs trapped 
onto the cartridge. After the cartridge wcs WC£hed with 4 ml of 
25 mM NH40Ac (pH 4.5), it wcs determined that <2% of the 
initially loaded octivity wcs retained. We concluded that this 
wcs an a:;ceptable method for purification of the [18F]PFAS 
compounds from any unrca:;ted 18F- remaining in the rca:;tion 
mixture. 

On avei'C{Ie, [ 18F]PFOA [18F]PFHxA, and [18F]PFBA were 
radiolabeled and isolated in decay-corrected yields of 13 ± 9% 
(n = 8), 31 ± 9'/o (n = 3), and 12 ± 3% (n = 2), rESpOCtively. 
The puritiES of the compounds were exanined via iTLC. 

shows iTLC comparisons ootwren [18F]PFHxA in 0.1% 
NH40H in methanol (A) and frre 18F- in the K2C03 solution 
(aqueous) (B). All thrre [18F]PFAS migrate with the mobile 
phase to ~85 mm (Rr = 1.0), and unreocted 18F- stays at the 
origin, ~30 mm (Rr = 0). ffic;uming all of the nonradioactive 
PFAS wcs co-eluted with the radiolabeled product during 
purification, the EStirrnted avei'C{Ie ~ific a:;tivitiES of the final 
products were calculated to oo 60 ± 10 MBq/IJmol for 
[
18F]PFOA, 12 ± 4 MBq/IJmol for [18F]PFHxA, and 3.4 ± 0.4 

MBq/IJmol for [18F]PFBA. The labeling method ha5 proven to 
oo quite robust and could likely oo applied in the future for the 
radiolabeling of any per- or polyfluorinated compound. 

Stability Studies. While it is known that nonradiolabled 
PFASarestable in a variety of environments, thestabilityof 
the radiofluorinated compounds needed to oo ~- On 
avei'C{Ie, [18F]PFOA, [18F]PFHxA, and [18F]PFBA were <10% 
defluorinated over a 4 h period under all conditions, as 
determined by iTLC analysis. To a5SEffi the in vitro stabilitiES of 
the compounds in biologically rele.rant system;, [18F]PFAS 
were incul:ated in mouse sarum, hurrnn serum, and rat serum. 
The literature ha5 shown that eoch of the compounds ha5 a 
difurent biological half-life in vi\0 in thESe system;. Initially, 
the sarum stability studiES were performed in the SCJTl3 rrnnner 
as the stability tESts in S3line and 0.1% NH40H, by removing 
aliquots and analyzing them directly using iTLC. Howe.ter, the 
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results were convoluted (SEe 2A), as the protein p63k 
observed at 30 mm had the SCJTl3 Rr as frre 18F-. Thus, a 93COnd 
method of analysis (via protein precipitation) wcs U93d to 
properly determine the true sarum stability of eoch compound. 

28 illustratES the iTLC rESUlts of the a::Etonitrile 
supernatant after the proteins were precipitated and removed 
from the mixture. Both the supernatant and the protein pellet 
were~ for radioactivity. The srrnll p63k observed at 30 
mm is most likely frre fluorine; however, the possibility of 
protein-bound [18F]PFHxA cannot oo ruled out as this 
precipitation method dOES not guarantoo complete precip
itation of the proteins.17 The results of the serum binding 
studiES with [18F]PFAS in mouse sarum are prES:lnted in 

RESUlts of the thrre [18F]PFAS in rat and human sara are 
included in the 
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Figure 3. Results of the ~urn stability studies with [18F]PFOA, 
[

18F]PFHxA, and [18F]PFBA in I110l..I:E ~m The data were 
calculated as the percent of total a::tivity bound to the ~urn proteins. 

Biodistribution Studies in Normal Mice. The biodis
tribution studiES of [18F]PFOA [18F]PFHxA, and [18F]PFBA 
were performed in hEalthy mioo. Fiftoon difurent org3ns and 
tissuES were dis.c:a:;ted and Ef5S3I/ed 4 h postinjection using a 
g3mm3 counter to quantitatively determine the uptake of the 
traoor. This figure dOES not reprES:lnt all the a:;tivity injected. 
Urine and fecES were not collected in this study but would 
a:rount for the remainder of a:;tivity not reprES:lnted. A 
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Figure 4. Complete biodistribution rESUlts of [18F] PFOA, [ 18F] PFHxA, and [18F]PFBA in ha31thy mice, 4 h postinjoction. The results are pre:roted 
as the percent of injocted dc:.E:E per gran of tissue. Error bars are indicative of the standard deviation (n = 4 ). statistical analysis was performed to 
determine statistical differences (p values). Data are pre:roted in *p < 0.05. **p < 0.008. ***p < 0.0000. ****p < 0.0001. 
-·-·-·----

comparison of the biodistribution rESUlts of a:dl trcmr is 33811 

in 
Ea:;h of the trcmrsexhibited SOI"TB dEgrEe of uptake in all the 

organs and tissuEs of interESt that were tESted, including the 
brain. The highEst ol:mrved uptake of [18F]PFOA WC£ in the 
liver, with 7 ± 2%10/g; however, similar amounts were 
ol:mrved in the femur (4 ± 1%10/g) and lungs (4 ± 2'/oiD/g). 
Uptake of [18F]PFHXJ\ WC£ highEst in the liver and femur with 
10 ± 2 and 5 ± 1%10/g, rESpECtively. It should be stated that 
free 18F- is known to occumulate in bone; however, it is 
not known at this tii"TB if the compounds were occumulating in 
the bone marrow or bone matrix?1

•
22 StudiES are ongoing to 

determine the "state'', free 18F- or intoct [18F]PFAS, and 
location of the PFAScompounds in the femur. Unlike those of 
the other two compounds, the highEst uptake of [18F]PFBA 
WC£ found in the st()fllC£h, with 8 ± 2'/ol D/g. The liver showed 
a 4-6-fold docra:re in uptake with just 1.7 ± 0.7%10/g when 
compared to those of [18F]PFOA and [18F]PFHXJ\. 

Implications. The I"TBthod develop~"TBnt cle:cribed here 
derribEs the first suca:ffiful radiolabeling of three form; of 
PFASwith fluorine 18, itsapparentstability in biologicaii"TBdia, 
and its preliminary biodistribution in mice. It apr:mrs likely that 
any PFAS that can be synthESized and isolated could be 
radiolabeled in such a manner and used to diroctly rn:asure 
uptake and biodistribution kinetics in biological systems. 
Ba:;ause 18F ha5 a relatively short half-life, it is le:s likely to 
be useful for elimination kinetic studiES, but it dOES open the 
poffiibility of diroctly rn:asuring uptake in human subject 
voluntrers, bocat..re trcm amounts of the compounds can be 
Effiily mEffiUred and the radim:;tivity short-lived. The only 
pre.tious human biodistribution study, by Perez et al.,4 used 
cadavers, although there are SOI"TB similaritiES found in the 
mot..re biodistribution reported here. Similarly, this novel tool 
for studying PFAS behavior could oo used in environmental 
rei"TBdiation studiES to mEffiUre the fate of radiolabeled 
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compounds in environmental trEEtment systems. Further 
studiES are nreded for different PFAS compounds as well as 
difurent biological and environmental systems to as.c:e;s the full 
impa:;t of this novel radiosynthetic I"TBthod. 
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RadiosynthESis and isolation of [18F]PFAS, serum 
stability study in rat and human serum (Figure S1 ), 
and biodistribution rESUlts of [18F]PFOA [18F]PFHXJ\, 
and [18F]PFBA in hEalthy mioo (Table S1) 
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